The biological activity of polyphenols in vitro reflects their affinity for cell membranes and the amount of cellular incorporation. The interaction of polyphenols with phosphatidylcholine was investigated by HPLC with an immobilized artificial membrane (IAM) column. The IAM partition coefficients (K IAM ) of the polyphenols, calculated by retention times, correlated well with the amounts of polyphenols incorporation into the liposomes.
Many plant polyphenols from vegetables and fruit are ingested on a daily basis. These polyphenols have various biological effects, such as antioxidant activity, [1] [2] [3] [4] anticarcinogenesis activity, 5) influenza virus inactivation, 6) and antihypercholesterolemia. 7) Several in vitro and in vivo studies on polyphenols have been carried out to evaluate their ability to maintain health and reduce the risks of lifestyle-related diseases. In our previous studies, it was found that the amount of incorporation into liposomes was dependent on chemical structure, [8] [9] [10] [11] and that the affinity of polyphenols for phospholipid membranes was determined by their lipophilicity. Recently, a new method using HPLC with an immobilized artificial membrane (IAM) column has been developed to elucidate the affinity of compounds for phospholipids. IAM-phases, first introduced by Pidgeon et al., 12) mimic phospholipid membrane surfaces. This column is useful in the purification of membrane-associated proteins 13) and in the analysis of pharmacokinetic interaction between drugs and membranes. [14] [15] [16] The IAM stationary phase, consisting of monolayers of phospholipids, is based on covalently bound phosphatidylcholine and aminopropyl silica particles. Thus compounds interacting with phospholipids are retained. This interaction, known as phospholipophilicity, is represented by the IAM partition coefficient (K IAM ) in the equation 12) 
where t R is the retention time of the compound and t 0 is the time for unretained molecules (i.e., citric acid). It has been reported that K IAM is correlated with the partition coefficient obtained by n-octanol/water 17) and liposome 12) systems, as well as pharmaceutical properties such as Caco-2 cell penetration 14) and drug absorption, 15) but there have been few applications of IAM to food components. In this study, we focused on plant polyphenols such as catechins, flavones, flavonols, isoflavones, anthocyanidins, and anthocyanins ( Fig. 1) .
Catechins were kindly provided by Mitsui Norin (Shizuoka, Japan). Other plant polyphenols were purchased from Funakoshi (Tokyo). All other chemicals were obtained from Kanto Chemicals (Tokyo). The HPLC system (JASCO, Tokyo) was equipped with a PU-2080 HPLC pump, a CO-2065 column oven, and a MD-2015 multi-wavelength detector. Retention times were determined with an IAM.PC.DD2 (4:6 Â 150 mm) (Regis Technologies, Morton Grove, IL). The particle diameter and pore diameter were 12 mm and 30 nm respectively. A guard column (IAM.PC.DD2 Guard Kit) was also used. The stationary phase of IAM.PC.DD2 was endcapped with C3 or C10 alkyl chains. The basic conditions were as follows: flow rate, 1.0 ml/min; injection volume, 10 ml; column temperature, 30 C; and UV detection, 200 nm. Catechins were prepared in MeOH (1.0 mM), and flavones, flavonols, and isoflavones were also dissolved in MeOH (0.5 mM). Anthocyanidins and anthocyanins were prepared in 50% MeOH containing 0.5% tert-butylhydroquinone (BHQ) at pH 2.5 with the addition of HCl.
In general, the properties and structures of polyphenols are susceptible to pH because phenolic hydroxyl groups tend to provide donatable hydrogen atoms, resulting in changes in chromatogram peak shape y To whom correspondence should be addressed. Tel: +81-54-264-5522; Fax: +81-54-264-5551; E-mail: nkymttm@u-shizuoka-ken.ac.jp Abbreviations: EC, epicatechin; EGC, epigallocatechin; ECg, epicatechin gallate; EGCg, epigallocatechin gallate; IAM, immobilized artificial membrane; BHQ, tert-butylhydroquinone; PBS, phosphate buffered saline; QCM, quartz-crystal microbalance depending on the pH of the mobile phase. Figure 2 shows the effects of pH on the shapes of EGCg with a mobile phase of 20% MeCN containing 10 mM NaCl at various pH levels (pH 2.5, 3.0, 4.0, 5.0, and 7.0), which had been adjusted with small amounts of HCl. The peaks became sharp at pH levels of less than 4.0, whereas peak tailing was observed at pH 5.0 and 7.0. This was probably caused by the ionization of EGCg, resulting in interaction with the positive charges of the phospholipids. Consequently, it was determined that pH 2.5 was optimal for peak sharpness and maximal polyphenol stability. It was also confirmed that the concentration of salt did not affect retention times. The salt condition for stabilizing pH was set at 10 mM NaCl. The ratio of MeCN in the mobile phase was set at 15% for anthocyanins, 20% for catechins, and 30% for flavones, flavonols, isoflavones, and anthocyanidins, in order to separate each peak at high resolution and to adjust the retention times. The K IAM value measured under the same conditions was compared for each category of polyphenols. [18] [19] [20] Furthermore, galloyl-type catechins interacted strongly with lipid membranes in the liposomes 8) and in QCM experiments. 21) The hydrophobicity of the catechins increased with the presence of a galloyl moiety and a decrease in the number of hydroxyl groups in the B-ring. We assume that the magnitude of phospholipophilicity depends not only on their lipophilicity but also on the presence of electrons on the benzene ring, especially the B-ring and the galloyl moiety. NOESY experiments indicated that catechins located near the trimethylammonium group of phospholipids.
18) It is possible that the catechins were stabilized by electrostatic and -cation interactions, and that the interaction with lipid membranes was driven by hydrophobicity. The results seen with flavones and flavonols correlate roughly with their hydrophobicity as well as with findings obtained by the liposome system. 9) Concerning the K IAM value of the flavones, only luteolin showed a relatively low K IAM value. The K IAM value of the flavonols increased when the number of hydroxyl groups decreased (galangin>kaempherol>qurcetin> myricetin). These results suggest that the number of B-ring hydroxyl groups governed the strength of the phospholipid interaction. The presence of a methoxyl group led to an increase in K IAM values (isorhamnetin>quercetin), indicating that hydrophobicity is closely correlated with K IAM values. Flavones and flavonols form a planar structure, while catechins are characterized by a bulk structure. It has been reported that flavones and flavonols are located and distributed in a specific membrane area. 22) For example, non-polar flavonoids such as flavone and chrysin located in the hydrophobic regions of lipid membranes, whereas polar flavonoids such as luteolin and myricetin migrated towards the aqueous area. The -cation interaction might decrease the free energy of these polar polyphenols on the surface of lipid membranes. Polyphenols with high K IAM values tended to distribute in the hydrophobic region in the lipid membranes. Although Ollila et al. mentioned that hydrogen bond formation was important in the interaction between flavonoids and biomembranes, 23) the results of the present study indicate that the hydrogen bond did not contribute much to the interaction. The K IAM values of isoflavones are also closely correlated with the amount incorporated into the liposomes.
11) The K IAM values of the aglycones (biochanin A, genistein, and formononetin) were higher than those of the corresponding glucosides (sissotrin, genistein, and daidzin). Similarly, isoflavones possessing a methoxyl group showed higher K IAM values than those lacking the corresponding methoxyl group: biochanin A>genistein, formononetin>daidzein, sissotrin> genistin. This indicates that the methoxyl group is an enhancement factor in this interaction. It has been reported that equol is a metabolite of daidzein and is to be categorized into isoflavandiol.
11) The K IAM value of equol was higher than that of daidzein. Furthermore, the presence of a hydroxyl group in the 5 position on the A-ring enhanced the K IAM values: biochanin A> formononetin, genistein>daidzein, and genistin>daidzin. Generally, the presence of a hydroxyl group increases the hydrophilicity of compounds, but in this case, a hydroxyl group in the 5 position on the A-ring exhibited peculiar effects. We postulate that this hydroxyl group forms a six-membered aromatic ring, 11) resulting in an enhancement of hydrophobicity. The same effect of the hydroxyl group in the 5 position on the A-ring was observed in flavones such as ficetin vs. quercetin. The order of K IAM values of the anthocyanidins was similar to that of flavones and flavonols: the number of hydroxyl groups on the B-ring was inversely correlated with the K IAM values: pelargonidin>cyanidin>delphinidin. On the other hand, the presence of methoxyl groups increased the K IAM values: peonidin>cyanidin, petunidin>delphinidin. Similar tendencies were observed in the corresponding glucosides, anthocyanins. The difficulty in measuring the amounts of anthocyanins incorporated into the liposomes was due to their extremely low affinity for phospholipids. In this study, we analyzed the interaction of anthocyanins with lipid membranes successfully for the first time.
Throughout this study, the K IAM values obtained using HPLC with the IAM column correlated well with the amounts incorporated into the liposomes and with the partition coefficient obtained from n-octanol/PBS. Although the pH value determined in this study was lower than that of the physiological condition, the affinity showed good correlation between the IAM column system and the liposome system by PBS. Hence we conclude that this system is usable. The IAM column is a simple and quick method for estimation of the affinity of polyphenols for cell membranes. This technique should perhaps be applied as first choice to screen compounds interacting with lipid membranes, before detailed analysis using methods such as the liposome system and NMR experiments.
